Xenopus Zic3 is a Xenopus homologue of mouse Zic and Drosophila pair-rule gene, odd-paired. We show here that Zic3 has significant roles both in neural and neural crest development in Xenopus embryo. Expression of Zic3 is first detected in prospective neural plate region at gastrulation. Onset of the expression was earlier than most proneural genes and followed chordin expression. The expression was induced by blockade of BMP4 signal. Overexpression of Zic3 resulted in hyperplastic neural and neural crest derived tissue. In animal cap explant, the overexpression of Zic3 induced expression of all the proneural genes and neural crest marker genes. These findings suggest that Zic3 can determine the ectodermal cell fate and promote the earliest step of neural and neural crest development.
During vertebrate neurulation, the original ectoderm gives rise to neural tube, neural crest, and epidermis. Several genes controlling this process have been described (1) (2) (3) . Among them, recent advances on two issues, neural inducers and the ''proneural genes,'' have been remarkable.
In Xenopus laevis, the neuroectoderm is induced on the dorsal side by signals such as noggin, chordin, follistatin, and Xnr3 emanating from the Spemann organizer during early gastrulation (4) (5) (6) (7) (8) (9) . Although BMP4 has an inhibitory effect on ectoderm to differentiate into neuroectoderm (10) , the blockade of the signal triggers the neuroectoderm formation (11) (12) (13) . Organizer signals such as noggin, chordin, follistatin may act as endogenous blockages for BMP4 by direct binding (14) (15) (16) .
On the other hand, several basic helix-loop-helix transcription factors are shown to participate in vertebrate neural development, as is the case in the Drosophila. Among them, Neurogenin, NeuroD, XASH-3, and XATH-3 are shown to have neurogenic activity, because their overexpression in Xenopus embryos results in enlargement of neural tissue or ectopic neural cell induction (17) (18) (19) (20) (21) (22) . Although a large number of studies along the above two lines have been made, the link between BMP4 signal and proneural genes is not understood well.
In our previous study (23) (24) (25) (26) (27) , we investigated about Zic gene family in vertebrate development. The Zic family was originally found as a group of genes encoding zinc finger proteins that are expressed highly restrictedly in mammalian cerebellum (23) (24) (25) (26) . The Zic genes are the vertebrate homologues of a Drosophila pair-rule gene, odd-paired (opa), which has important roles in the parasegmental subdivision and the visceral mesoderm development of the Drosophila embryo (28, 29) . As is the case in Drosophila opa, the expression patterns of mouse Zic genes suggest that Zic genes are involved in ontogenesis (27) . In particular, we could detect the Zic expression in the neuroectoderm just before it was formed.
To clarify the role of Zic in the early stage of neural development, we have cloned the Xenopus Zic3. Zic3 expression began at prospective neural plate region as soon as neural induction occurred and was induced by blockade of BMP4 signal in Xenopus embryo. Overexpression of Zic3 caused neural hyperplasia involved with induction of all of the proneural genes reported so far. These data indicate that Zic3 acts in the earliest phase of neural development and that it belongs to a novel class of genes responsible for neural development. In addition, Zic3 overexpression induced neural crest tissue in embryo. These results suggest the essential roles of Zic3 in the induction of neuroectoderm and neural crest.
MATERIALS AND METHODS
Isolation of Xenopus Zic3 cDNA Clone. Xenopus neurula (stage 17) cDNA was subjected to PCR by following primers. The 5Ј primer is a 5Ј-GAGAACCTCAAGATCCACAA-3Ј, which derives from ENLKIHK (sequence based on zinc finger domain of the mouse Zic family genes), and the 3Ј primer is 5Ј-TT(C͞T)CCATG(A͞G)ACCTTCATGTG-3Ј, which is the reverse translation of HMKVHEE. The fragment was used to screen a ZAP cDNA library prepared from Xenopus neurula embryos The isolated Applied Biosystems͞PRISM Dye Primer Cycle Sequencing Ready Reaction Kit (Perkin-Elmer).
Embryo Manipulations. Microinjection was carried out as previously described (30) . The Zic3 ORF was cloned into the vector pCS2ϩ (20) . Zic3 mRNA, LacZ mRNA, dominantnegative form of BMP receptor (dnBMPR) mRNA, and noggin mRNA were synthesized by in vitro transcription. Animal cap preparation and dissociation were described (10, 31) .
RNA Isolation and Reverse Transcription-PCR (RT-PCR) Assay. Preparation of total RNA and RT-PCR assay were carried out as described (32) . The conditions of RT-PCR assays and primer sequences of Histone H4 and XlPOU 2 were as published (33, 34) . Xenopus slug (Xslu) primer sequences were derived from P. A. Wilson (personal communication) . Some primer sequences were obtained from The Xenopus Molecular Marker Resource on the internet (http:͞͞vize222.zo.utexas.edu͞). Our original primer sequences were deposited at the same web site.
Histology and Whole-Mount in Situ Hybridization. Paraffin sections of Zic3 mRNA injected embryos were prepared essentially as described by Kelly et al. (35) . Whole-mount in situ hybridization was performed essentially as described (36) using digoxigenin-labeled antisense probes for Zic3, neural cell adhesion molecule (NCAM) (37) , Xslu (38) , and Xenopus twist (Xtwi) (39) . Whole-mount immunohistochemistry was performed essentially as described using EpA supernatant (40) . (41)]. As gastrulation proceeded, the expression decreased in the dorsal lip and increase in the prospective neural plate ( Fig. 1 B and C, stage 10.5). In late gastrula, Zic3 expression diminished gradually in the central region (Fig. 1D, stage 12 ). At the neural plate stage (Fig. 1E, stage 14) , Zic3 was expressed strongly in prospective region of mesencephalon and anterior rhombencephalon (42) . Following that, Zic3 expression became stronger in the anterior neural folds, whereas that in the trunk neural folds remained weak (Fig. 1F, stage 16 ). At early tailbud stages ( Fig. 1 G and H, stage 20) , Zic3 expression was gradually restricted to the dorsal region of forebrain (telencephalon and diencephalon), midbrain, and hindbrain, and weakly to the dorsal region of the trunk. After mid-tailbud stage, Zic3 expression diminished in the diencephalon and an additional expression became clear in the lateral mesoderm of the tailbud region (Fig. 1I, stage 30) . The cross section through the head at the same stage, showed that Zic3 expression was restricted in a dorsal part of the neural tube (Fig. 1J) .
RESULTS

Xenopus
Zic3 Is Expressed Earlier Than Any Other Neural Marker Genes in Xenopus Embryo. Because Zic3 was expressed in prospective neural plate region during gastrulation, we compared the temporal expression profile of Zic3 with other neural marker genes (XASH-3, XATH-3, XlPOU 2, NeuroD, NCAM, N-tubulin) (18-20, 22, 34, 36, 37, 43, 44) by RT-PCR ( Fig. 2A) . The Zic3 expression was detected from early gastrula (stage 10). On the other hand, other neural marker genes were detected from mid-gastrula (XATH-3, NCAM) or later stage (NeuroD, N-tubulin), except XASH-3 and XlPOU 2. Although XASH-3 and XlPOU 2 transcripts were detected from early gastrula, their expression was extremely limited when compared with Zic3 expression.
Zic3 was first detected in prospective neural plate region just after neural induction ( Fig. 1 A) . We therefore compared the onset of expression between Zic3 and a neural inducer, chordin, precisely (6) (Fig. 2B ). Zic3 expression began 7.5 h after fertilization, which was 30 min later than chordin expression. These data led us to hypothesize that the Zic3 expression is induced at the initial step of neural induction.
Zic3 Is Induced by Blockade of BMP4-Mediated Signaling. Xenopus ectoderm (animal cap) is neuralized by prolonged culture in dispersal (45, 46) . To examine whether Zic3 is induced in animal cap explant under such a condition, we cultured animal caps in dispersal to the time point equivalent to mid-neurula and the expression of Zic3 and other genes was tested by RT-PCR (Fig. 3A) . Zic3 was expressed in dispersed animal caps with neural marker NCAM, whereas it was not detected in intact caps in which epidermal marker, epidermal keratin, expressed. Interestingly, Xtwi and Xslu, neural crest markers (38, 39), were not expressed in dispersed animal caps (see Discussion). The neuralization that occurred in the dispersed animal caps is considered to be due to the attenuation of BMP4-mediated signal (10) .
We therefore considered if the blockade of BMP4-mediated signal actually can induce the Zic3 expression in vivo. A dominant negative form of BMP receptor (dnBMPR) (47) or noggin (5) was overexpressed in a ventral region by injection into two-cell stage embryo. The embryos were subjected to in situ hybridization with Zic3 probe at the early gastrula stage. Both dnBMPR mRNA ( Fig. 3B ) and noggin mRNA (data not shown), which were shown to induce neuroectoderm by inhibition of BMP4 signal (14) , were able to induce ectopic Zic3 mRNA in ventromarginal zone in gastrula. Therefore, blockade of BMP4 signaling is sufficient to induce Zic3 in vivo. In almost all cases, the sides of the heads injected with Zic3 mRNA were enlarged and coarse showing poorly formed eyes (Fig. 4 B and C) , whereas uninjected control side were normal (Fig. 4A) . The sections through the head region of injected embryo showed that neural walls were considerably thickened in the injected side (Fig. 4 D-F) . In addition to the change in neural wall, presumptive mesenchymal tissue, which may derive from the neural crest in the cephalic region, showed a remarkable hyperplasia. In most cases, neural retinas were considerably distorted and, less frequently, hyperplastic (Fig.  4D) . On the other hand, retinal pigment cells diminished variably and, in particular, lenses were not induced at all (Fig.  4 C and D) . In addition to the phenotypes in the head, the ectopic clusters of pigment-containing cells were found in the head region (Fig. 4B) . However, the extent and position of the clusters varied in each case. We speculated that these variations reflected the difference of the sites where Zic3 was expressed. We therefore injected Zic3 mRNA into the dorsoanimal or ventroanimal two blastomeres of the eight-cell stage embryo to express Zic3 restrictedly in dorsal or ventral side (Fig. 4 G-J) . When Zic3 mRNA were injected into dorsoanimal blastomeres, heads of the embryos were enlarged and the eyes showed the same change as observed in the embryos injected at two-cell stage (58͞80 embryos tested) (Fig. 4G) , and neural tube closure in the anterior region was delayed (data not shown). The pigment cells were found in the dorsal head (58͞80 embryo tested). In contrast, if the mRNA was injected into ventroanimal blastomeres, clusters of ectopic pigment cells appeared in the ventral epidermis (90͞111 embryos tested) (Fig. 4 H and I) . The clusters of the ventral pigment cells were arrayed remarkably on the ridge of the hyperplastic tissue which transverses the ventral side. These pigment cells were considered to be melanocytes, which derived from neural crest. Therefore, we performed in situ hybridization with the probes of neural crest marker, Xtwi, in Zic3 mRNA injected embryo (Fig. 4J , data not shown). Ectopic Xtwi expression was observed near the ectopically appearing clusters of pigment cells in addition to the expansion of the Xtwi-expressing region of the cephalic neural crest.
Overexpression of Zic3 in Xenopus Embryos
To determine whether Zic3 overexpression cause an early alteration in cell fate, we examined the expression of NCAM, Xtwi, Xslu, and EpA, an epidermal antigen (40) , at an early neurula (Fig. 5 A-D) . Zic3 mRNA was injected into a blastomere of two-cell stage embryos and the expression patterns were examined at stage 14. It became clear that the NCAMexpressing region (31͞45 embryos tested) increased markedly in the anterior neural plate region of injected side (Fig. 5A) . Xtwi and Xslu expression in neural crest cells were also expanded in injected side (Fig. 5 B and C) (42͞45 embryos tested by Xtwi probe and 12͞12 embryos tested by Xslu probe). If the epidermal fate change into a neural and neural crest fate, epidermis should be reduced in Zic3 mRNA-injected side. To test this possibility, we next determined the expression of EpA in the injected embryos. On the Zic3-injected side, expression of EpA was significantly reduced (Fig. 5D ). These facts suggest that Zic3 altered epidermal cell fate into neural and neural crest cell fate.
Zic3 Induces Neural Marker Genes Including Proneural Genes and Neural Crest Marker Genes Without Mesoderm Induction in Animal Cap Explant. The above studies indicate that Zic3 has important roles in early neural and neural crest development. How does Zic3 act in this process? To address this question, we examined the expression of several marker genes by RT-PCR in the animal cap explants injected with Zic3 mRNA (Fig. 6) .
As expected, a neural marker (NCAM) was induced in the explant by the Zic3 overexpression (Fig. 6A) . Interestingly, neural crest markers (Xtwi and Xslu) were also induced in this case (Fig. 6A) . This is in contrast to the finding that Xtwi and Xslu were not induced in dispersed animal caps although Zic3 is expressed (Fig. 3) (Fig. 6B ). These results demonstrate that Zic3 is able to generate neural tissue without mesoderm induction and that Zic3 can directly convert epidermal fate to neural and neural crest fate.
As for the anteroposterior neural properties, the molecular markers which are expressed in anterior neural plate were induced [En-2 (48)] by Zic3 overexpression, whereas the posterior marker [XlHbox6 (49)] was not (Fig. 6C) . This result is consistent with previous finding that anterior neuroectoderm is induced in animal cap explant by a BMP4 signal blockade which also induces Zic3 expression (7, 11, 50) .
Finally, we considered if Zic3 can induce so called proneural genes, because Zic3 is expressed earlier than these genes. (In this paper, we tentatively use the words ''proneural gene'' for the gene which is shown to have neurogenic activity and to be expressed in neural development.) Surprisingly, all the proneural genes (Neurogenin, NeuroD, XASH-3, XATH-3, and XlPOU 2) which we tested were induced by Zic3 overexpression, whereas uninjected or LacZ injected animal cap explant did not show any expression (Fig. 6A) . The fact suggests that Zic3 may act upstream of proneural genes reported so far. The expression begins just after the chordin expression. These expression patterns led us to hypothesize that Zic3 is regulated directly by the neural tissue-inducing signals (1, 3) . Recent studies showed that the factors antagonizing BMP4, which represses differentiation into neural tissue and promotes epidermal differentiation (10) , have important roles in neural induction (14) (15) (16) . These factors, such as noggin, chordin, and follistatin, are expressed in the organizer and have neural tissue inducing activities. We showed that Zic3 mRNA level is elevated in the dispersed animal cap explant and that Zic3 expression in gastrula is ectopically induced by the dnBMPR or noggin overexpression. Both results suggest that blockade of BMP4 signal can induce the Zic3 expression. Based on these findings, we consider that Zic3 expression may be regulated negatively by the BMP4 signal from nonneural ectoderm and that the neural inducers may relieve the Zic3 from the repression by the BMP4 signal.
DISCUSSION
Zic3 Functions in Neural Development Upstream of Proneural Genes. Zic3 overexpression in the developing embryos results in the expansion of neural plate and the hyperplasia of neural tissue. Moreover, several neural markers are induced in the Zic3 overexpressed animal caps. These data indicate that Zic3 has a neurogenic activity. Our study strongly indicates that Zic3 acts in the earliest phase of neural development and that Zic3 belongs to a novel class of genes involved in neural development based on the following three points.
First, the initiation of the Zic3 expression is in the late blastula, earlier than most proneural genes. Although Neurogenin transcripts are detected earlier than Zic3 expression, as a maternal message in our assay (data not shown), the function of Neurogenin as a proneural gene seems to be activated after neural induction occurs.
Second, Zic3 is first expressed in almost entire prospective neural plate region. This spatial expression pattern is considerably different from those of proneural genes. Of the proneural genes reported so far, the Neurogenin, NeuroD, and XATH-3 are expressed in the three longitudinal regions where the primary neurons are generated (17, 18, 22) . As for XASH-3 and XlPOU 2, the restricted expression in these regions has not been reported. However, XASH-3 expression is detected in a restricted region of the neural plate particularly from its expression onset (stage 11.5) (20, 43) . The XASH-3 expression pattern is in contrast to that of Zic3, which is first expressed in almost entire prospective neural plate. XlPOU 2 is detected as early as stage 10 in the involuting mesoderm, but not in prospective neural plate (34) where Zic3 is expressed ( Fig. 1 B  and C) .
Finally, the overexpression of Zic3 induces the expression of all the proneural genes in the animal cap. It is not likely that a gene other than Zic3 can induce all of the other proneural genes based on their spatio-temporal expression patterns.
Zic3 Functions in Neural Crest Formation. Zic3 is expressed in the neural folds including the neural crest, and strongly in the cephalic region at stage 12-16. Furthermore, Zic3 overexpression induces ectopic pigment cells, which derive from the neural crest and neural crest markers, Xtwi and Xslu, in embryo (38, 39, 51, 52) . In addition, Xtwi and Xslu are induced in the Zic3 overexpressed animal cap explant. All these findings suggest that Zic3 has an essential role in the neural crest induction.
Xtwi and Xslu are induced, not in dispersed animal cap, but in Zic3 mRNA injected animal caps, although Zic3 is expressed in both cases. This fact indicates that factors which are present only in the nondissociated animal cap explants, possibly the secretory factors, can induce the Xtwi and Xslu expression in cooperation with Zic3. As a candidate of such factors, BMP4 and BMP7 might be appropriate because both factors are expressed in nondissociated animal caps (13, 33, 53, 54) and can induce neural crest markers in chicken neural plate explants (55, 56) .
Zic3 as an Initial Regulator of the Ectodermal Cell Fate Decision. The findings in this paper suggest that Zic3 plays a part in the vertebrate ectodermal cell fate decision. The role of Zic3 is peculiar when the results of Zic3 overexpression are compared with those of the proneural genes. First, Neurogenin, NeuroD, XATH-3, and XlPOU 2 induce ectopic neuronal differentiation in the epidermis (17, 18, 22, 34) whereas Zic3 does not. In the course of neural development, Zic3 may cooperate with other factors restricted to the dorsal ectoderm and͞or Zic3 is more sensitive to inhibitors that may be present in the epidermis. The difference suggests that the role of Zic3 in ''neuronal differentiation,'' occurring in a relatively late phase of neural development, is not so definitive as with the other genes. The role of Zic3 may be confined to an early phase of neural development. Second, NeuroD, XASH-3, or XATH-3 overexpression abolishes the expression of Xtwi, a neural crest marker (18) (19) (20) 22) . On the other hand, the expression is enhanced by Zic3. This difference may be elucidated by the fact that Zic3 is capable of inducing not only neural but also neural crest tissues, possibly cooperating with diffusible factors from epidermis. The neural tissue induced by XASH-3, NeuroD, or XATH-3 overexpression, and which may represent the neural tissue of later stages, would be insensitive to these factors. Therefore, the Xtwi was not induced by the overexpression of the three genes.
These features of Zic3 seem to correspond closely with the ideas that Zic3 functions as an initial regulator of ectodermal cell fate decision. Understanding the mechanism involved in the regulation of Zic3 expression, and how Zic3 regulates the proneural genes, would be helpful for the understanding this process.
